The main focus of this review is illness among elite athletes, how and why it occurs, and whether any measures can be taken to combat it or to prevent its onset. In particular, there is particular interest in exercise-induced immunodepression, which is a result of the immune system regarding exercise (e.g., prolonged, exhaustive exercise) as a challenge to its function. This promotes the inflammatory response. There is often a high incidence of illness in athletes after undertaking strenuous exercise, particularly among those competing in endurance events, not only mainly in terms of upper respiratory tract illness, but also involving gastrointestinal problems. It may well be that this high incidence is largely due to insufficient recovery time being allowed after, for example, a marathon, a triathlon, or other endurance events. Two examples of the incidence of upper respiratory tract illness in moderate versus endurance exercise are provided. In recent years, increasing numbers of research studies have investigated the origins, symptoms, and incidence of these bouts of illness and have attempted to alleviate the symptoms with supplements, sports foods, or immunonutrition. One aspect of the present review discusses iron deficiency, which has been primarily suggested to have an impact upon cell-mediated immunity. Immunonutrition is also discussed, as are new techniques for investigating links between metabolism and immune function.
Immunodepression and Immunonutrition
Investigation of exercise-induced effects on the immune system began more than 100 years ago, when Larrabee (1902) observed a marked leukocytosis after violent exercise, including a large number of polymorphonuclear neutrophils. Since then, many scientists have studied the effects of strenuous and/or prolonged exercise on different aspects of immune function and have generally concluded that exercise can lead to immunodepression. Immunodepression is a more accurate term than immunosuppression, which implies a specific manipulation of the immune system, for example, as with cyclosporine.
High-performance athletes undertake high-intensity training and competition. Additional stresses such as long-haul flights, sleep disruption, and environmental change, encompassed within physiological, metabolic, and psychological stress, are linked to immune dysfunction, inflammation, oxidative stress, and muscle damage. White blood cell numbers and function, salivary IgA output, skin delayed-type hypersensitivity response, major histocompatibility complex II expression, and other biomarkers of immune function are altered for several hours, sometimes days, during the recovery from prolonged, exhaustive exercise. These immune changes occur in several compartments of the immune system and body, including the skin, upper respiratory tract mucosal tissue, lung, blood, muscle, and peritoneal cavity (Bermon et al., 2017; Peake et al., 2017; Walsh et al., 2011) .
In relation to exercise, interest in immunonutrition is relatively new. Only in the last few years have a considerable number of papers on immunonutrition and exercise-induced immunodepression been published. Nevertheless, it is still necessary to investigate further whether immunonutrition can help to combat exerciseinduced immunodepression effectively. Nutrients that have a role in immunonutrition are glucose, amino acids (for protein synthesis), and fatty acids, which act as fuels for energy generation in immune system cells and, importantly, enable the ability of cells to proliferate; micronutrients (e.g., iron, zinc, and magnesium) are important for competent immune function, as are vitamins A and D. Some nutrients must be provided in the diet, as they cannot be synthesized in mammalian cells (Calder, 2013) .
Improved techniques such as metabolomics, proteomics, and lipidomics have revealed that metabolism and immunity are inextricably interwoven. This has led to a new area of research termed immunometabolism (Nieman et al., 2018a) . Studies on human athletes exercising intensely for >2 hr showed that significant increases in at least 300 identified metabolites can be measured, while body glycogen stores are depleted and increases occur in a variety of lipid super-pathway metabolites, including oxidized derivatives called oxylipins (Nieman et al., 2018b) . Oxylipins are involved in initiating, mediating, and resolving the innate immune response (Markworth et al., 2016; Nieman et al., 2018b) .
Small, immune-related proteins (e.g., cytokines) are involved with pathogen defense and immune cell chemotaxis and locomotion. The most studied cytokine in exercise immunology is Interleukin-6, which increases markedly after strenuous exercise (Febbraio & Pedersen, 2002) . Other proteins increase chronically during recovery and are involved in the inflammatory acute phase response. In response to an acute immunological challenge, such as exercise stress, cells of the immune system must be able to grow and proliferate to generate effector cells producing specific molecules. Activation of the immune system is associated with oxygen and biosynthetic demands. However, the metabolic capacity of immune cells is reduced during recovery from physiologically demanding bouts of intensive exercise, resulting in transient immunodepression. The circulating numbers of most immune cells return to normal within 5-6 hr postexercise: an exception is natural killer cells, the numbers and function of which can remain depressed for up to 48 hr during the recovery period.
Illness Risk

Subclinical and Clinical Illness
As a consequence of exercise-induced immunodepression, resistance to pathogens is lowered, increasing the risk of subclinical and clinical infection and illness (Schwellnus et al., 2016; Walsh et al., 2011) . In some of the earliest studies on this topic, marathon and ultramarathon runners have been shown to be at an increased risk of upper respiratory tract illness (URTI) (Nieman et al., 1990; Peters & Bateman, 1983) . Out of 2,311 endurance runners, nearly 13% reported URTI during the week after the Los Angeles Marathon race, compared with 2.2% of the control runners (Nieman et al., 1990) . Those running >96 km/ week versus <32 km/week doubled their odds for illness. A one-year retrospective study of 852 German athletes showed that the URTI risk was highest in endurance athletes who also reported significant stress and sleep deprivation (Konig et al., 2000) . Timpka et al. (2017) recently reported that endurance athletes were ca. 10-fold more likely to have an illness during the World Championships than speed/power athletes. In an early study, among nonelite athletes, the levels of illness were monitored in more than 200 runners and rowers; the incidence of URTI was lowest in the middle-distance runners and highest in runners after a full or ultramarathon and in elite rowers after prolonged, intensive training (Castell et al., 1996) . Nieman (1994) used the economists' J-curve in a novel approach to describe the incidence of URTI in athletes ( Figure 1 ). Spence et al. (2007) provided an interesting slant on the whole aspect of exercise-induced immunodepression by reporting nonspecific URTIs as opposed to URT infections ( Figure 2 ). They saw a higher rate of URT illness among elite athletes than in recreationally competitive athletes. However, pathogens were only isolated in <30% of URI cases. The authors recommended that physicians consider both infectious and noninfectious causes in athletes presenting with symptoms. It is interesting to compare their curve with Nieman's J-curve from 1994.
As illness data have increased (Hellard et al., 2015; Svendsen et al., 2015) , organizations, including the International Olympic Committee and the International Associations of Athletics Federations, have initiated acute illness surveillance systems to improve both prevention and treatment procedures (Schwellnus et al., 2016; Timpka et al., 2017) . Engebretsen et al. (2013) undertook a survey on the 2012 London Olympics; they reported a high rate of illness among competitors in six sports including athletics, with the most common cause of URTI being infection. The International Olympic Committee has focused on the inappropriate management of both internal (e.g., psychological responses) and external (e.g., training and competition workloads) loads. According to the International Olympic Committee, load management is a key strategy for reducing illness incidence and associated downturns in exercise performance, interruptions in training, missed competitive events, and the risk of serious medical complications. Clarsen et al. (2014) undertook a questionnaire study for athletes preparing for the Olympic Games; of the 36% of athletes with health problems, 15% had problems leading to reductions in sports performance or participation. Raysmith and Drew (2016) produced a figure that demonstrated the risk of failure in a variety of international competitions, which was attributed to the weeks of modified training due to illness or injury ( Figure 3 ). Epidemiological data from international competition events show that 5-21% of elite athletes experience illness episodes, with higher proportions in females and in endurance events (Alonso et al., 2010; Drew et al., 2018; Schwellnus et al., 2016; Timpka et al., 2017) . The recorded incidences of URTI in these elite athletes ranged from 18% to 50%, with several studies reporting infection as the most frequent cause. An important aspect of prolonged, exhaustive exercise and/or competition can, therefore, be exercise-induced immunodepression. Also affected are the digestive tract, skin tissues, and the genitourinary tract. The significant risk factors include high levels of depression or anxiety, unusually intensive training periods with large fluctuations, frequent long-haul flights, competitive events in the winter, lack of sleep, and a low energy diet intake. The decrease in exercise performance after URTI can last 2-4 days. Runners who start an endurance race with systemic symptoms of an acute illness are 2-3 times less likely to complete the race.
Gastrointestinal Illnesses From Infectious Origins
Traveler's Diarrhea. Epidemiology Elite athletes are often required to travel across multiple time zones and continents to train or compete. These travels and sojourns in foreign and remote countries can represent a dietary challenge and expose athletes to travelrelated illnesses. The most frequently reported illness reported here is traveler's diarrhea (TD). The TD is defined as three or more unformed stools occurring within a day, associated with a symptom like vomiting, abdominal pain, nausea, or fever. Although recovery usually occurs within a couple of days, such an infectious episode may seriously impair the athlete's capacity to train or compete during this period. The incidence of TD largely depends on the destination. High-risk areas comprise a large part of Asia, the Middle-East, Africa, and Central and South America, whereas Eastern Europe, South Africa, and the Caribbean are considered to be intermediaterisk areas (CDC Health Information, 2013) . TD pathogens may vary from one country to the other, but food or water contaminated by Escherichia Coli is the most frequent cause (Patel et al., 2018) . Viruses account for approximately 10% of TD cases, and norovirus and rotavirus are the most frequently reported (Widdowson et al., 2005) . These viruses are a real threat for athletes, teams, and competition organizers since they are very contagious and can lead to outbreaks that are difficult to contain (Six et al., 2016) .
Prevention of TD Considering these risks of gastrointestinal infection and their potentially negative impacts on athletic performance, it is very tempting to keep some antibiotic prophylaxis in stock for elite athletes traveling to high-risk destinations. However, this should be considered on a case-by-case basis, since the actual guidelines on this issue do not recommend that antimicrobial prophylaxis be used routinely by travelers (Riddle et al., 2017) . Should a prophylactic treatment be prescribed, bismuth subsalicylate (two tablets, four times daily; 2.1 g/day) may be considered as a firstline treatment for an athlete who has a good compliance profile and is not taking doxycycline for the prevention of malaria (to avoid the possible reduction of doxycycline absorption). When an antibiotic prophylaxis is indicated, rifaximin is recommended. Neither the antibiotic quinolones nor the association trimethoprim- sulfamethoxazole are recommended because of the possibility of drug-resistant strains. Moreover, quinolones carry a risk of serious side effects on tendons and muscles and should always be used with extreme caution in elite athletes (Arabyat et al., 2015) .
Although there is little evidence that food and water precautions significantly reduce the risk of TD (Shlim, 2005) , athletes and their staff should always try to minimize risks by drinking from sealed bottles and avoiding high-risk foods such as unpeeled fresh fruits and vegetables, open buffets, undercooked meats, and foods from street vendors.
Probiotics have been tested as possible nutritional options to prevent TD. Although two meta-analyses suggest a marginal benefit of probiotics, both suggest there is insufficient evidence for extrapolation to global recommendations for their use (McFarland, 2007; Sazawal et al., 2006) . This is mainly explained by a variability in the age groups, setting, microbial agents involved, formulations, dose, and regimens in the different studies (see also Peeling et al., 2018) .
Runner's Diarrhea. Although runners may experience abdominal cramps, nausea, vomiting, and bloating during competition, the main gastrointestinal complaint is diarrhea (also called runner's trots). This is an exercise-induced diarrhea without pain, but sometimes associated with blood in the feces. The prevalence of Runner's Diarrhea (RD) is not clear since it varies greatly between studies (De Oliviera, 2017). This is probably explained by a lack of uniformity in the definition of RD. Runner's Diarrhea is twice as frequent in running as in cycling or swimming and is positively associated with the duration and intensity of running.
Although the pathophysiology is not fully understood, RD is caused by ischemic, mechanical or nutritional factors (De Oliviera, 2017) . During running, the autonomous nervous system operates a blood shift from the splanchnic bed to the skeletal muscles, heart, and brain areas. Hence, the splanchnic flow has been shown to be reduced by up to 80% in individuals running at a pace representing 70% of the maximal oxygen uptake. This ischemia is sometimes associated with reperfusion, which creates intestinal barrier function loss, increased permeability, and bacterial translocation. This phenomenon is aggravated by heat and the consumption of nonsteroidal anti-inflammatory medicines. An increase of gut and organ mobility inside the abdomen submitted to the running-induced impacts and vibrations is another proposed causative factor for RD but has been poorly documented so far. Finally, inappropriate nutritional strategies or behaviors also contribute to RD. For instance, a high intake of fibers; high-fat and high-protein diets; and fructose (alone), caffeine, and bicarbonate (used as a buffering agent) consumption have been identified as promoters of RD. The concentration and nature of carbohydrates (CHO) and electrolytes also play an important role in the genesis of RD. Indeed, drinks with a high concentration of CHOs and increased osmolality delay gastric emptying and may cause a shift of water in the gut lumen, favoring the onset of diarrhea. Conversely, the addition of a moderate amount of sodium (0.4-0.8 g/L) increases glucose uptake and enhances water absorption. As the normal glucose and multiple transportable CHOs' (glucose plus fructose plus maltodextrin) absorption rates by the intestine are 1.2 g/min and 1.8 g/min, respectively, the recommended CHO content in sports drinks is from 6% to 8% to minimize the risk of RD. This ensures reduced drink osmolality, which enhances water and solute intakes and, therefore, limits the risk of gastrointestinal distress in some athletes (Jeukendrup, 2014) . In runners with irritable bowel syndrome, prior to running, the consumption of fermentable oligosaccharide, disaccharide, monosaccharide, and polyols (FODMAP), found in wheat, onions, some fruits and vegetables, and some dairy products, can favor RD. There is only very limited evidence for suggesting that athletes with a normal bowel function should avoid FODMAP.
Training the gut. During recent years, some promising research has also shown that the stomach and the gut can be trained to improve tolerance and gastric emptying during exercise (see Jeukendrup, 2017 for a more detailed description). For instance, Lambert et al. (2008) showed that trained runners were able to comfortably tolerate ingestion of a CHO-electrolyte solution at a rate similar to their sweat rate during 90 min of moderate-intensity running. This was achieved without any noticeable change in the gastric emptying rate. Moreover, it seems that gastric emptying can be specifically adapted to the type of nutrient, as a few days of increased dietary glucose intake increases the gastric emptying of glucose. Similarly, an increased fat intake for the same duration results in faster gastric emptying of fats, but not CHO.
Immunonutrition
Increasing numbers of studies involving elite athletes and immunonutrition have been reported. In 2017, the consensus statement of Bermon et al., 2017 focused on topics that have generated immunonutrition research data. These include antioxidants, bovine colostrum, CHOs, fatty acids, herbal supplements, minerals, prebiotics, probiotics, proteins, and vitamin D, some of which are also discussed in Peeling et al. (2018) . Space constraints do not permit a lengthy discussion of all of these topics here, so the reader is directed to Bermon et al. (2017) for an in-depth evaluation of the role these compounds have in immunonutrition. CHO and iron are discussed in this context in the present review, and CHO is discussed in connection with gastrointestinal problems (see "Gastrointestinal Illnesses From Infectious Origins" section).
The most widely used supplement in sports is CHO, recognized since the 1960s as an ergogenic aid. Khansari et al. (1990) first suggested that increased CHO availability might combat exerciseinduced immunodepression via the stress hormone (cortisol) response to exercise. The effects of an increased consumption of CHO (60 g/hr) include the attenuated trafficking of some leukocyte subsets; a decrease in neutrophil degranulation was prevented; an increased neutrophil respiratory burst; decreased numbers and percentages of antiviral Type 1 helper T-cells; decreased IFN-γ production; and positive lymphocyte responses to influenza, tetanus, and rhinovirus during exercise (Bermon et al., 2017) . However, there is currently insufficient evidence to suggest that CHO has a positive effect on URTI (Bermon et al., 2017) . High CHO availability is important for elite endurance athletes in training and competition. However, glycogen regulates the molecular cell signaling pathways and hence the oxidative phenotype; thus, training with low CHO has recently become popular with athletes (Hearris et al., 2018) .
Iron
Iron is a trace mineral of significant importance in the athlete's diet due to its key roles in oxygen transport, energy metabolism, and immune function (since adequate iron supply is required by the host for mounting an effective immune response, with iron deficiency primarily suggested to impact upon cell-mediated immunity; Beard, 2001) . As a result of such processes, iron is important to athlete performances that stress the aerobic energy system (i.e., middle-distance track running events and beyond). However, the symptoms of an iron deficiency include feelings of lethargy and fatigue (Nielsen & Nachtigall, 1998 ) and, consequently, there is clear merit in ensuring adequate iron stores across all athlete populations to mitigate any negative effects from the issues resulting from a compromised iron status.
Compromised iron stores present as a common issue in athlete populations, with collective assessments of athlete cohorts published by practitioners from the Australian Institute of Sport suggesting an incidence rate of ∼15-20% in females and 3-4% in males (Fallon, 2004 (Fallon, , 2008 ; however, much higher rates in female athletes (>30%) have also been observed (Beard & Tobin, 2000) . Currently, some debate exists as to the best approach and hematological measures for defining an iron deficiency. However, current routine assessment includes (at minimum) an analysis of the blood markers serum ferritin, hemoglobin, and transferrin saturation, with the generally accepted hematological thresholds for detecting an iron deficiency recently detailed by Clénin et al. (2015) . It is important that all hematological markers be analyzed from a blood draw consistently collected at the same time point, that is, in the morning before the day's training sessions begin; the athlete should be in a rested state (no physical activity prior to collection) after an overnight 10-hr fast.
The increased incidence of iron deficiency in athlete populations may result from a number of exercise-and nonexercisedependent factors (for a review, see Peeling et al., 2008) . These may include considerations such as an inadequate dietary iron intake (possibly a result of an inadequate overall energy intake); being a vegetarian athlete (since nonheme [vegetable] iron sources are absorbed less efficiently than heme [meat] iron sources) (Beard & Tobin, 2000) ; heavy, menstrual blood loss in female athletes (Pedlar et al., 2018) ; exercise-induced hemolysis, hematuria, or gastrointestinal bleeding (for a review, see Peeling et al., 2008) ; and finally, altered postexercise iron absorption and recycling as a result of elevations to the iron regulatory hormone, hepcidin (Peeling et al., 2009) . No doubt, these issues are hard to avoid due to their innate association to athletic training, and as a result, iron supplementation protocols are generally required to treat this problem.
Currently, there appear to be several means of correcting an iron deficiency through supplementation. The first, and most basic, is to increase dietary intake of high iron-containing foods such as red meat, leafy green vegetables, lentils, beans, nuts, seeds, and fortified cereals. When considering the dietary intake of iron, it is important to note that a higher bioavailability can be achieved by increasing the concurrent consumption of food components that enhance iron absorption (such as ascorbic acid-vitamin C) or by decreasing the content of inhibitors such as phytates and tannins (Hallberg et al., 1989) . Since the recommended daily iron intake is 8 mg for males and up to 18 mg for menstruating females (Food and Nutrition Board, 2001) , an athlete presenting with an iron deficiency should, in the first instance, work with a trained sports dietitian to ensure the whole food composition of the diet contains sufficient amounts of iron to meet the demands of training. The second and most widely used approach to iron supplementation involves the use of oral iron supplements. In general, these come in the ferrous (ferrous fumarate, ferrous sulfate, and ferrous gluconate), or ferric form; the latter is less well tolerated (Brittenham, 2000) . Athlete cohort studies show generally positive responses (40-80% increase) to long-term oral iron supplementation (8+ weeks) provided at a rate of ∼100 mg per day (Dawson et al., 2006; Garvican et al., 2014) . Of interest, recent research has shown that alternate day supplementation (rather than every day), can result in a greater fractional and cumulative total iron absorption, when the same absolute dose (i.e., 60 mg of iron for 14 days consecutively vs. 28 days alternating) is provided (Stoffel et al., 2017) . As a result, alternate day supplementation (over a longer time period) may prove to be a more efficacious approach to supplementation and should be considered by the athlete's nutrition team. Despite the generally positive responses to oral iron supplementation, it should be noted that a high incidence of gastrointestinal disturbance from oral iron supplementation is commonly reported (Tolkien et al., 2015) ; however, supplement forms provided as iron polymaltose or using enteric tablet coating may help reduce any gastrointestinal upset.
Indeed, it is evident from the above information that a significant length of time is needed to realize a positive outcome with the use of oral iron supplements. In situations where time may be of the essence (i.e., rapidly improving iron stores before starting at an altitude camp to optimize hematological adaptation; Garvican-Lewis et al., 2018) , faster approaches to correcting an iron deficiency might be considered. Such a prospect leads us to the more contemporary methods of correcting an individual's iron stores, such as intramuscular or intravenous (IV) iron supplementation. Both processes have been shown to have extremely positive and fast-acting impacts on an athlete's iron status (Dawson et al., 2006; Garvican et al., 2011; Garvican et al., 2014) , likely as a result of bypassing the gut, where many known issues of iron absorption exist. Although the speed of effect is a key positive outcome of these alternative iron supplementation methods, such protocols should be reserved for athletes in desperate need of iron therapy, who appear unresponsive to more traditional approaches of dietary intervention or oral iron supplementation. Any such decision to undertake these alternative supplement approaches should only be contemplated under the supervision of a sports physician since risks of anaphylaxis with the parenteral iron administration have been reported (Rampton et al., 2014) . Administration methods must be acceptable and consistent with the rules of the sport's highest governing body and the antidoping authorities.
In summary, iron plays an essential role in the body of an athlete, and there are both performance and health implications related to compromised iron stores. As such, annual athlete screening for iron status should be a routine practice, with three monthly follow-ups provided to those with known issues in maintaining a healthy iron store. When identified, iron-deficient athletes should, in the first instance, have a full dietary assessment under the instruction of a qualified sports dietitian. Once the dietary component is optimized, unresponsive athletes might consider a daily oral iron supplement provided for an 8-12 week period, before a reassessment of the iron stores is conducted. In extreme and persistent unresponsive cases, the athlete and his or her support team (dietitian and sports physician) might consider the use of intramuscular or intravenous supplementation. However, checks of protocol legality and athlete safety must be thoroughly considered prior to such action.
This review has focused on illnesses and possible nutritional aids to combat them; nevertheless, it seems appropriate to add some additional helpful and practical suggestions. Readers should bear in mind that other reviews in this Special Issue will also be giving practical advice from different sports perspectives. Limit hand-to-face contact (i.e., self-inoculation), and wash hands regularly and effectively. Medical staff should educate athletes to minimize pathogen spread to others (e.g., sneezing and coughing into the crook of the elbow). c. Follow other hygienic practices to limit all types of infections, including safe sex and the use of condoms. Wear open footwear when using public facilities, to limit skin infections. Use insect repellent and cover the arms and legs with clothing at dawn or dusk. d. Maintain vaccines needed for home and foreign travel; focus on annual influenza vaccination. e. As advised in the section on gastrointestinal illness, during foreign travel, all team members should minimize risks by drinking from sealed bottles. They should also avoid foods such as unpeeled fresh fruits and vegetables, open buffets, undercooked meats, and foods from street vendors. f. Follow strategies that facilitate regular, high-quality sleep. g. Avoid excessive alcohol intake. h. Consume a well-balanced diet with sufficient energy to maintain a healthy weight; focus on grains, fruits, and vegetables to provide sufficient CHO and polyphenols that reduce exercise-induced inflammation and improve viral protection (see Bermon et al., 2017; Castell, Stear & Burke, 2015 Peeling et al., 2018 , for further information on nutritional supplements). 3. Psychological Load Management a. Follow stress management techniques that reduce the extraneous load of life hassles and stresses. b. Develop coping strategies that minimize the internalized impact of negative life events and emotions. c. Periodically monitor psychological stresses using available instruments.
Practical Recommendations
Conclusion
Athletes must train hard for competition, and they are interested in strategies to keep their immune systems robust and illness rates low despite the physiological stress experienced. The ultimate objective is to achieve performance goals with little interruption from illness and fatigue due to exercise-induced immunodepression. Several training, hygienic, nutritional, and psychological strategies are recommended, requiring the coordinated involvement of medical staff, coaches, sports nutritionists, and athletes. An illness prevention program should be developed and implemented, focusing on full preventative precautions for high-risk individuals.
